The operation of the Future Circular Collider (FCC) with heavy ions would provide Pb-Pb and pPb collisions at √ s NN = 39 and 63 TeV, respectively, per nucleon-nucleon collision, with projected per-month integrated luminosities of up to 110 nb −1 and 29 pb −1 , respectively. This document outlines the unique and broad physics opportunities with heavy ions at the energy frontier opened by FCC.
Introduction
The operation of the FCC-hh (hadron-hadron) with heavy-ion beams is part of the accelerator design studies [1, 2] . For a centre-of-mass energy √ s = 100 TeV for pp collisions, the relation √ s NN = √ s Z 1 Z 2 /A 1 A 2 gives the energy per nucleon-nucleon collision of √ s NN = 39. 4 TeV for Pb-Pb (Z = 82, A = 208) and 62.8 TeV for p-Pb collisions. The present estimate of the integrated luminosity per month of running is larger by factors 10-30 than the current projection for the future LHC runs [3] . The possibility of using nuclei smaller than Pb, like e.g. 40 Ar, 84 Kr or 129 Xe, to achieve larger instantaneous luminosity is also under consideration.
The significant increase in the centre-of-mass energy and integrated luminosity with respect to the LHC opens up novel opportunities for physics studies of the Quark-Gluon Plasma (QGP) and of gluon saturation, among others, described in a recent CERN Yellow Report [4] and in the volume on Physics Opportunities of the FCC Conceptual Design Report [2] . The main scientific motivations to carry out measurements with heavy ions at the FCC are discussed in this document.
Summary of the heavy-ion performance of FCC-hh
It has been shown that the FCC-hh could operate very efficiently as a nucleus-nucleus or proton-nucleus collider, analogously to the LHC. Previous studies [4, 5] have revealed that it enters a new, highly-efficient operating regime, in which a large fraction of the injected intensity can be converted to useful integrated luminosity. Table 1 summarises the key parameters for Pb-Pb and p-Pb operation. Two beam parameter cases have been considered, baseline and ultimate, which differ in the β -function at the interaction point, the optical function β * at the interaction point, and the assumed bunch spacing, defining the maximum number of circulating bunches. The luminosity is shown for one experiment but the case of two experiments was also studied: this decreases the integrated luminosity per experiment by 40%, but increases the total by 20%. The performance projections assume the LHC to be the final injector synchrotron before the FCC [3] . A performance efficiency factor was taken into account to include set-up time, early beam aborts and other deviations from the idealised running on top of the theoretical calculations. Further details on the performance of the heavy-ion operation in FCC-hh can be found in Ref. [1] . 
Global characteristics of Pb-Pb collisions
Extrapolating measurements of charged particle multiplicity, transverse energy and femtoscopic correlations at lower energies, one can obtain estimates for the growth of global event characteristics from LHC to FCC. In particular, up to the top LHC energy, the growth of charged hadron event multiplicity per unit rapidity in Pb-Pb collisions is consistent with a slowly-rising power-law: Table 2 , this amounts to an increase of a factor ∼ 1.8 from LHC to FCC. Figure 1 (left) shows results for the freeze-out hypersurfaces of central Pb-Pb collisions at different collision energies. This figure quantifies the expectation that the denser system created at higher collision energy has to expand to a larger volume and for a longer time before reaching the freeze-out temperature at which decoupling from a partonic to hadronic phase takes place. The arrows overlaid with the freeze-out hypersurface in Fig. 1 (left) indicate the transverse flow of the fluid element at decoupling. This provides quantitative support for the qualitative expectation that in a larger and more long-lived system, collective effects can grow stronger. In general, the global event characteristics listed in Table 2 determine the spatio-temporal extent of the "cauldron" in which QCD matter is evolved, and they constrain the thermodynamic conditions that apply after thermalization. The measured transverse energy per unit rapidity dE T /dη (see Table 2 ) is of particular importance since it constrains the initial energy density. The energy density is expected to increase by a factor of two from LHC to FCC, reaching a value of 35-40 GeV/fm 3 at the time of 1 fm/c [4] . In Fig. 1 (right) , we have plotted the time-dependence of the QGP plasma temperature for Pb-Pb collisions at the LHC and at the FCC. The figure shows that while the temperature increase at a given time is a modest 30% when going from LHC to FCC, the thermalization time of the system is expected to be significantly smaller. One may reach initial temperatures as large as T 0 ≈ 800-1000 MeV at the time O(0.02 fm/c) after which both nuclei traverse each other at FCC energies.
QGP studies: hard probes

Jet quenching
The modification of jet properties in heavy-ion collisions with respect to the proton-proton case, commonly referred to as jet quenching, results from the interaction of jet constituents with the QGP that they traverse. Over the last few years, as several jet properties were measured in heavy-ion collisions, the theoretical understanding of jet-QGP interactions has evolved from the early descriptions of single parton energy loss towards an overall understanding of how full jets are modified by the QGP. The increase in centre-of-mass energy, the abundance of probes, especially those involving electroweak bosons together with jets, and the qualitatively new processes available (e.g. boosted systems, see below) make of the FCC-hh the best-suited future machine for a deeper understanding of this physics.
Hard processes at FCC-hh energies
The large increase in energy and luminosity from the LHC to the FCC provides new tools to study the matter created in the collisions of heavy ions. In Fig. 2 (left) , cross sections for different processes and different energies are computed with MCFM [6] at next-to-next-to-leading order (NNLO) and top++ [7] (for all heavy-quarks [8] ). The increases amount to a factor ∼ 6 for beauty production, ∼ 10 for Z production, ∼ 20 for Z+jet and ∼ 80 for top production. The large yields in Z+jets (several tens of millions) will enable the study the jet quenching process with excellent calibration of the jet energy. In principle, the measurement of the energy lost by the jet in Z+jet provide a good experimental control of the distribution of the parton energy losses in hot QCD matter.
The motivations for measurements of top quarks in heavy-ion collisions at FCC are multifold. For example, in p-Pb collisions the cross sections efficiently probe the nuclear gluon PDFs in a wide range in momentum fraction x at high scale Q ∼ m t [9] (see Section 5.1). In Pb-Pb collisions, the top-quark observables are sensitive to the energy-loss of heavy quarks [10] and by selecting boosted (very high-p T ) top quarks one can probe the space-time evolution of jet quenching in the QGP as the decays of boosted top quarks get Lorentz time dilated (see next section). For example, Centre-of-mass energy dependence of the cross sections for hard processes of interest for a heavy-ion programme, calculated with MCFM [6] at NNLO and top++ [7] (for all heavy-quarks [8] ). Right: Expected top-quark p T distribution in Pb-Pb in the fully-leptonic decay modes at √ s NN = 39 TeV after acceptance and efficiency cuts with the statistical uncertainties for the baseline scenario L int = 33 nb −1 (adapted from [9] ). the estimated measurable yields (using per-month luminosities from Section 2) with realistic analysis cuts and conservative 50% efficiency for b-jet tagging are 3-10 × 10 5 pairs (baseline-ultimate) in Pb-Pb collisions for tt → bb νν.
As mentioned above, the p T reach of top quarks in Pb-Pb collisions is of special importance for QGP studies. Another potential novel probe of the QGP medium at FCC energies is the Higgs boson. The Higgs boson has a lifetime of τ ≈ 50 fm/c, which is much larger than the time extent of the QGP phase [11, 12] . In Ref. [11] it has been argued that the Higgs boson interacts strongly with the quarks and gluons of the QGP and the interactions induce its decay in the gluon-gluon or quarkantiquark channels, thus depleting the branching ratio to the most common "observation" channels γγ or ZZ . More recent detailed theoretical calculations, including virtual corrections, predict however no visible suppression of the scalar boson [13] . The cross section for Higgs boson production in Pb-Pb collisions is expected to increase by a factor larger than 20 when going from √ s NN = 5.5 TeV to √ s NN = 39 TeV [14] . The statistical significance of the Higgs boson observation in the γγ decay channel in one Pb-Pb run at FCC-hh was estimated to be 5.5 (9.5) σ in the baseline (ultimate) luminosity scenarios [14] . The analysis used similar photon selections as used by ATLAS and CMS in pp collisions: p T > 30, 40 GeV/c, |η| < 4, R isol = 0.3. The backgrounds included the irreducible QCD diphoton continuum plus 30% of events coming from misidentified γ-jet and jet-jet processes. 
Boosted tops and the space-time picture of the QGP
The FCC will provide large rates of highly-boosted heavy particles, such as tops, Z and W bosons. It is expected that when these particles decay the density profile of the QGP has already evolved. It has been argued that the hadronically-decaying W bosons in events with a tt pair can provide unique insights into the time structure of the QGP [15] . This is because the time decays of the top and the W bosons are followed by a time-delay in the interaction of the decay products of the W boson with the surrounding medium due to a color coherence effect. The sum of the three times, that reaches values of several fm/c for boosted tops, would be the time at which the interaction with the QGP begins, providing a unique way to directly measure the time structure of the QGP evolution. In addition, energy loss would be initially absent for the colour-singletdecay products of a highly-boosted W boson: the two quarks would start to be quenched only when their distance becomes larger than the colour correlation length of the medium, which depends on the transport coefficientq (the average transverse momentum squared that particles exchange with the medium per unit mean-free path) [16] .
The effect on the reconstructed masses of the top and W is studied, for tt events decaying semileptonically, with different energy loss scenarios as a proof of concept of the potential of these observables to access completely novel quantities in heavy-ion collisions. As shown in Fig. 3 (left), times in the range 0.3-3 fm/c are obtained when adding the time delay from Lorentz boosts of the decaying top quark and W boson and the time in which a singlet antenna remains in a colour coherent state.
The reconstructed W jet mass as a function of top transverse momentum at √ s NN = 39 TeV is shown in Fig. 3 (right) . For details on the simulation and reconstruction procedure see [15] . The shaded region corresponds to the statistical uncertainty obtained with a bootstrap analysis considering central Pb-Pb collisions for L int = 30 nb −1 for the Pb-Pb energy loss scenarios and L int = 2 fb −1 for the pp reference. Energy loss was simulated considering that all particles, except the W boson decay products, lose 15% of their initial momentum. Average time delays τ m = 1, 2.5, 5, and 10 fm/c were considered as effective QGP time evolution profiles. Fig. 3 (right) shows a clear separation between the totally quenched case and those in which the time-delay effectively reduces the interaction with the QGP and hence the quenching, especially for the highest boosts considered, that will be accessible at the FCC. This large sensitivity will only be possible at the FCC and partially at the HE-LHC, while only marginally with the present LHC programme [15] .
Heavy flavour and quarkonia
Heavy quarks (charm and bottom) are among the hard probes that have provided important insights on the formation and the characterics of the QGP [17] . On the one hand, quarkonium states are sensitive to the formation and to the temperature of a deconfined plasma via the mechanism of colour-charge screening, which is thought to be to some extent balanced by the recombination of heavy quarks and antiquarks from the plasma. On the other hand, the production of hadrons with open heavy flavour is sensitive to the QGP-induced modification of the momentum value and direction of heavy quarks, thus providing insight on the interaction mechanisms of heavy quarks with the constituents of the QGP and on its transport properties.
Here we focus on a few selected aspects that could represent novel or particularly remarkable observations at FCC energy, namely: i) large production of thermal charm from interactions of light quarks and gluons within the QGP; ii) observation of an enhancement of charmonium production with respect to the binary scaling of the yields in pp collisions, as consequence of (re)generation; iii) observation of a colour screening and (re)generation for the most tightly-bound quarkonium state, the ϒ(1S).
Thermal charm production
Interactions between gluons or light quarks of the QGP can lead to the production of cc pairs if the energy in the centre of mass of the interaction is of the order of twice the charm quark mass √ŝ ∼ 2 m c ∼ 3 GeV. In Section 3 we have estimated that an initial temperature T 0 larger than 800 MeV could be reached at FCC. In Ref. [18] a detailed hydrodynamical calculation gives T 0 = 580 MeV at initial time τ 0 = 0.6 fm/c for LHC ( √ s NN = 5.5 TeV) and T 0 = 840 MeV at τ 0 = 0.3 fm/c for FCC. With these average QGP temperatures, a sizeable fraction of the (Bose-Einstein distributed) gluons and (Fermi-Dirac distributed) light quarks have energies larger than the charm quark mass and cc pairs can be produced in their interactions. This production is concentrated in the initial ∼ 1 fm/c of the QGP evolution. Figure 4 shows the predictions [18, 19] for the time-dependence of the cc rapidity density at mid-rapidity in central Pb-Pb collisions at FCC. The value at the initial time τ 0 corresponds to that of the initial hard-scattering cross section (τ ∼ 1/2m c ). Both calculations show a rapid increase after τ 0 with a final yield that is larger by up to 80% than that corresponding to the initial production. The increase obtained for top LHC energy is of about 15%. The thermal charm production would result in an enhancement of charmed hadron production at very low p T , with respect to the expectation from binary scaling of the production in pp collisions, after correction for the nuclear Figure 4 : Time-evolution of the cc yield (per unit of rapidity at midrapidity) for central Pb-Pb collisions at √ s NN = 39 TeV [18, 19] .
initial-state effects (PDF modification), that should be measured using proton-nucleus collisions. This enhancement provides valuable insights on the QGP temperature evolution. The abundance of charm quarks also has an effect on the QGP equation of the state: the inclusion of the charm quark in the lattice QCD calculations results in a sizeable increase of P/T 4 ∝ n d.o.f. for T > 400 MeV, as discussed in the CERN Yellow Report [4] .
Quarkonium suppression and (re)generation
The measurements of the nuclear modification factor of J/ψ at the LHC [20] [21] [22] are described by models that include dissociation caused by colour-charge screening and a contribution of recombination (usually denoted (re)generation) from deconfined c and c quarks in the QGP [23] [24] [25] . The (re)generation contribution is expected to be proportional to the rapidity density of cc pairs in the QGP. Therefore, it is predicted to be much larger at FCC than LHC energies, as a consequence of the larger hard-scattering production cross section of cc pairs and the possible sizeable thermal production discussed in the previous section. This could lead to the observation of an enhancement of J/ψ production with respect to binary scaling of the yield in pp collisions, i.e. R AA > 1, which would be a striking evidence of cc recombination from a deconfined QGP. The measurement of ϒ production would be particularly interesting at the high energies and temperatures reached at the FCC. The LHC data are consistent with a scenario in which the excited states 2S and 3S are partially or totally suppressed by colour screening, while the 1S, which is the most tightly bound state, has no or little direct melting. Its suppression by about 50% can be attributed to the lack of feed-down from the (melted) higher states (see e.g. Ref. [17] for a recent review). At FCC energies, on the one hand, the temperature could be large enough to determine a full melting even of the tightly-bound 1S state, on the other hand the large abundance of bb pairs 5. Nuclear PDF measurements and search for non-linear QCD (parton saturation)
Studies in hadronic p-A and A-A collisions
Parton saturation [27, 28] is based on the idea that standard linear parton branching leads, at small values of momentum fraction x, to parton densities so high that non-linear dynamics (like gluon recombination) becomes important and parton densities are tamed to grow from power-like to logarithmically. Non-linear effects are expected to become important when the density of gluons per unit transverse area exceeds a certain limit, encoded in the saturation momentum Q S . This regime of QCD is interesting in its own right, to study non-linear dynamics of gluon fields in a controlled environment, but it is also important as an initial state for collisions of nuclei in which a Quark-Gluon Plasma is formed. In order to firmly establish the existence of this new highenergy regime of QCD and clarify the validity of the different approaches of perturbative cross sections factorisation and of parton radiation evolution, new kinematic regions must be explored using higher collision energies in order to have a large lever arm in Q 2 in a region that, while perturbative, lies inside the saturation domain. The FCC offers such energies and the possibility of combining proton and nuclear beams, as required for a detailed understanding of the mechanism underlying saturation (Fig. 6) . There is a strong complementarity between the physics programmes at hadron colliders and at the proposed electron-hadron colliders (Electron-Ion Collider in the USA [29] , Large Hadron Electron Collider LHeC [30] and FCC-he [2] ). With kinematic reach at the TeV scale in the c.m.s. (Fig. 6, left) , these two latter projects are well-positioned to reach conclusive evidence for the existence of a new non-linear regime of QCD. They are clearly complementary with the FCC-hh, providing a precise knowledge on the partonic structure of nucleons and nuclei and on the small-x dynamics.
A full discussion of the observable sensitive to saturation at FCC-hh can found in the CERN Yellow Report [4] . Here we concentrate on two observables, both of which require measurements at forward rapidity y ≈ 4 or larger: single-inclusive spectra of photons and hadrons and azimuthal correlations of di-jets.
Single-inclusive measurements of charged hadrons, and photons and jets are the simplest observables that probe the gluon density. The two latter are somewhat safer from a theoretical point of view, as they are free from hadronisation effects to a large extent. Photons are sensitive to the small-x gluons via the dominant quark-gluon Compton scattering, as well as hadrons through underlying gluon-gluon scatterings that fragment into hadrons at moderate p T values. As shown in Fig. 6 (left) , measurements at mid-rapidity and p T < 10 GeV/c at the FCC potentially cover the saturation region with Q ≈ p T and x in the range 10 −5 -10 −4 , which is at much lower x and therefore larger gluon density than measurements at the LHC. Forward measurements, e.g. at y ≈ 4, would be even more interesting, as they cover x ≈ 10 −6 . Figure 7 (left) shows the ratios of p T -differential cross sections of direct photons at rapidity 4 and 6 with respect to rapidity 2, calculated in the Color Glass Condensate (CGC) framework [31] : saturation is expected to lead to a strong suppression for p T < 10 GeV/c (the high-p T suppression at η = 6 is an artifact of the calculation).
Forward di-jets offer more potential to experimentally constrain the probed x region, in particular at low p T . CGC models predict a characteristic suppression of the recoil jet, because (mini-)jets can be produced by scattering a parton off the color field in the nucleus where the recoil momen-tum is carried by multiple gluons, unlike in a standard (semi-)hard 2-to-2 scattering where all the recoil momentum is carried by a single jet [31, 32] . First measurements of di-hadron correlations at forward rapidity at RHIC show hints of the predicted suppression of recoil yield. However, the measurements are close to the kinematic limit and other mechanisms have been proposed to explain the suppression. The FCC has a large potential for recoil measurements of hadrons, photons and jets, probing a broad range in x and Q 2 , while staying far away from the kinematic limit. For di-jets at forward rapidity, Fig. 7 shows the expected broadening of the ∆ϕ distribution in p-Pb with respect to pp collisions (middle), as well as the expected nuclear modification factor for dijets as a function of the transverse momentum of the leading jet p T,jet , in the recoil region (right). A clear suppression is visible in the recoil region persisting to much larger p T,jet > 100 GeV/c than at the LHC, where the suppression is small at p T,jet ≈ 50 GeV/c. These calculations clearly show sensitivity to parton saturation effects up to high p T , much larger than Q S , as long as the dijet transverse momentum imbalance does not exceed a few times Q S . [31] . Middle: Forward di-jet ∆ϕ correlation in p-Pb compared to pp collisions at FCC [33] . Left: Nuclear modification factor of back-to-back di-jets at LHC and FCC energies.
Several possibilities exist for constraining nPDFs at large Q 2 at the FCC-hh [4] : W and Z bosons, di-jets, top quarks. Here we will focus on the latter case, because it is a unique opportunity offered by the FCC-hh energy increase with respect to the LHC, and it offers the possibility to access in experimentally and theoretically well-controlled fashion the nuclear PDF at the unprecented large scale Q = m top [9, 14] . To estimate the impact that the FCC would have on nuclear gluon densities, the computed top-pair cross sections in pp, p-Pb and Pb-Pb with analysis cuts [4] have been binned in the rapidity y of the t → W → decay leptons. Figure 8 (left) shows Pb-Pb pseudodata for the expected nuclear modification factors of the decay leptons. The effects that these, and the p-Pb, pseudodata would have in the EPS09 [34] global fit of nuclear PDFs are quantified via the Hessian reweighting technique [35] and shown in the middle and right panels of the figure. The nPDF uncertainties are reduced by more than 50% over a large range of x.
Exclusive photoproduction of heavy quarkonia
Charged particles accelerated at high energies generate electromagnetic fields that can be considered as quasireal γ beams of very low virtuality Q 2 < 1/R 2 , where R is the radius of the charge, i.e. Q 2 ≈ 0.08 GeV 2 for protons (R ≈ 0.7 fm), and Q 2 < 4·10 −3 GeV 2 for nuclei (R A ≈ 1.2 A 1/3 fm). Given that the photon flux scales with the square of the emitting charge (Z 2 ), the emission of quasireal photons from the Pb-ion is strongly enhanced compared to that from proton beams (although the latter feature larger photon energies). The maximum centre-of-mass energies of photon-induced interactions in "ultraperipheral" collisions (UPCs) of proton and lead (Pb) beams -occurring at impact parameters larger than the sum of their radii-at the FCC are W max γp = 10 TeV and W max γA = 7 TeV. In exclusive photoproduction of vector mesons in UPCs of protons or ions the gluon couples directly to the c or b quarks and the cross section is proportional to the gluon density squared, thereby providing a very clean probe of the gluon density in the "target" hadron, with the large mass of quarkonia providing a hard scale for pQCD calculations. Their measured cross sections rise steeply with photon-hadron centre-of-mass energy W γp , following a power-law dependence W δ γp with δ = 0.7-1.2 [36, 37] , reflecting the steep rise of the underlying gluon density in the hadrons at increasingly lower values of parton fractional momentum x. At the FCC, J/ψ and ϒ photoproduction will reach photon-hadron c.m. energies as large as W γ p ≈ 10 TeV, and thereby probe the gluon density in the proton and nucleus in an unexplored region down to x ≈ M 2 J/ψ,ϒ /W 2 γp ≈ 10 −7 , at least two orders of magnitude below the range probed at the LHC (Fig. 6, right) .
Fixed-target collisions using the FCC proton and lead beams
The fixed-target mode offers specific advantages compared to the collider mode such as accessing the high Feynman x F domain, achieving high luminosities while not impacting on the collider-mode operations, varying the atomic mass of the target almost at will, and polarising the target [4, 38] . The c.m.s. energy in the fixed-target mode is about 200-300 GeV for Pb and proton beams, respectively. The region of central c.m.s. rapidities is highly boosted at an angle with respect to the beam axis of about one degree in the laboratory frame such that the entire backward hemisphere, y c.m.s. < 0, becomes easily accessible with standard experimental techniques at 2 < η lab < 6. A fixed-target setup would allow one to significantly extend a large number of measurements carried out at RHIC towards very backward rapidities with much larger luminosities. As it was discussed in [38] , RHIC luminosities in pp collisions at 200 GeV are limited and could not allow for the study of vector boson production close to threshold which probes the large x content in the proton and nucleus, 0.7 and above. These studies become possible with fixed-target collisions at FCC. With a longitudinally polarised target, vector boson production gives access to (anti)quark helicity distributions in the proton at very large x. With deuterium and helium targets, measurements can also be carried out on the neutron. Using a transversely polarised target allows one to access transverse-momentum dependent distributions (TMDs) which are connected to the orbital angular momentum carried by the partons at larger scales than with any other facilities.
